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a b s t r a c t

Figs and fig-pollinating wasps are obligate mutualists that have coevolved for over 60 million years. But
when and where did pollinating fig wasps (Agaonidae) originate? Some studies suggest that agaonids
arose in the Late Cretaceous and the current distribution of fig-wasp faunas can be explained by the
break-up of the Gondwanan landmass. However, recent molecular-dating studies suggest divergence
time estimates that are inconsistent with the Gondwanan vicariance hypothesis and imply that long dis-
tance oceanic dispersal could have been an important process for explaining the current distribution of
both figs and fig wasps. Here, we use a combination of phylogenetic and biogeographical data to infer the
age, the major period of diversification, and the geographic origin of pollinating fig wasps. Age estimates
ranged widely depending on the molecular-dating method used and even when using the same method
but with slightly different constraints, making it difficult to assess with certainty a Gondwanan origin of
agaonids. The reconstruction of ancestral areas suggests that the most recent common ancestor of all
extant fig-pollinating wasps was most likely Asian, although a southern Gondwana origin cannot be
rejected. Our analysis also suggests that dispersal has played a more important role in the development
of the fig-wasp biota than previously assumed.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

The obligate mutualistic interactions between figs (Ficus spp.)
and their pollinating wasps, Agaonidae sensu (Walker, 1846), have
made them classic model organisms for studying coadaptation
(Jousselin et al., 2003; Weiblen, 2004) and cospeciation
(Lopez-Vaamonde et al., 2001; Machado et al., 2001, 2005;
Weiblen and Bush, 2002). In addition, they represent an extremely
impressive co-radiation of insects and plants leading to over 800
extant fig species with associated wasps and these mutualistic sys-
tems play important ecological roles in many tropical habitats.
However, the age, geographic origin and major period of diversifi-
cation of figs and fig wasps remain controversial. Here, we briefly
review existing hypotheses and evidence on these issues, before
presenting a major new dataset and accompanying analyses in
our paper.

With respect to age, molecular-dating analyses first indicated
that agaonids, which form a monophyletic group (Rasplus et al.,
1998), may have originated in the Late Cretaceous, 75–100 million
years ago (MYA) (Machado et al., 2001). Likewise, independent
analyses of the origin of genus Ficus suggest that figs are both
monophyletic and ancient, with a minimum age estimate of
83 MYA (Datwyler and Weiblen, 2004). These results indicate that
fig and fig-wasp radiations may have occurred contemporaneously,
as later shown by Rønsted et al. (2005). However, divergence times
from fig wasps are estimates of the crown group ages whereas fig
age estimates refer to the stem lineage ages (Datwyler and
Weiblen, 2004). Thus, although both figs and fig wasps appear to
have a Cretaceous origin, the crown radiation of Ficus may have oc-
curred more recently than suggested by Machado et al. (2001), as
later suggested by Zerega et al. (2005), who conducted molecular
dating using a Bayesian approach that gave a range of 40–
51 MYA for the crown group age of Ficus. Zerega et al.’s results
do not support the hypothesis of simultaneous diversification be-
tween figs and fig wasps and suggest that figs may have radiated
more recently, during the Tertiary, well after the break-up of
Gondwana.
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The discrepancy between the estimated ages of origin of figs
and their pollinators could be due to methodological biases. On
the one hand, the methods used by Machado et al. (2001) required
the use of ultrameric trees and thus the pruning of several taxa that
violated the constant substitution rate assumption. Newer meth-
ods that allow the inclusion of lineages with different substitution
rates (Sanderson, 2002) have since been developed and new anal-
yses of the same data could produce younger divergence times. In-
deed, a more recent analysis (Rønsted et al., 2005) suggests a Late
Cretaceous–Early Paleocene origin of the fig-wasp mutualism
(stem lineage age of figs and fig-pollinating wasps of 98–105 and
66–101 MYA, respectively), and a younger estimate of crown group
age for the wasps (51–78 MYA) using the same mtDNA data. On
the other hand, it is also likely that the younger estimate for the
crown group age of Ficus is the result of the age constraints used
by Zerega et al. (2005) in their calibrations, where the age of the
oldest known fossil fig (55 MYA) (Collinson, 1989) was used to de-
fine the minimum age constraint for the crown age of Ficus.

With respect to geographical origin, it has been proposed that
agaonids evolved in the southern hemisphere/Gondwana (Murray,
1985). This hypothesis is supported by phylogenetic analyses,
which show that wasps from major biogeographical regions split
in a chronological order that is congruent with the break-up of
the Gondwanan landmass (Machado et al., 2001). The hypothesis
of a Gondwanan origin of fig-pollinating wasps is further sup-
ported by the fact that most figs and fig wasps show a southern
tropical distribution, and that early-diverging lineages of extant
figs and pollinators are South American (West Gondwanan origin)
(Machado et al., 2001; Rønsted et al., 2005). However, Rønsted et
al.’s (2005) estimated date for the origin of agaonids
83.33 ± 17.61 MYA (65–100 MYA) is not consistent with the
hypothesis that the fig-wasp mutualism arose before the fragmen-
tation of the southern Gondwana landmass during the Late Creta-
ceous (Machado et al., 2001). Consequently, it has been suggested
that long distance oceanic dispersal could also be an important
process in explaining the present distribution of figs and fig wasps
(Datwyler and Weiblen, 2004; Rønsted et al., 2005).

The aim of this study is to reconstruct the phylogeny and esti-
mate the age and area of origin of agaonids using a substantially
enlarged and improved molecular dataset, including nuclear se-
quence data for the first time. Our phylogeny is based on the larg-
est sequence data set gathered for this group so far, including
mitochondrial (COI) and nuclear (28S) DNA sequences for most
of the extant genera. We use the phylogeny to estimate divergence
times using three alternative methods. Relative ages of the fig
wasps are converted into absolute dates using information from
two amber fossils (Penalver et al., 2006). The absolute ages of the
fig wasps are used to re-evaluate the hypothesis that fig-pollinat-
ing wasps have a Gondwanan origin and that their extant distribu-
tion is the result of vicariance due to the break-up of Gondwana. In
addition, we infer ancestral areas using both Bayesian and maxi-
mum likelihood approaches to identify the most likely area of ori-
gin for agaonids.

2. Materials and methods

2.1. Taxon sampling

We obtained DNA sequences for 64 species from 15 out of 20
known genera of fig pollinators (see Supplementary data, Appendix
1). Of these, 57 (28S: 6; COI: 51) were published previously and 73
(28S: 59; COI: 14) sequences are reported here for the first time.
Anaphes nitens (Mymaridae) was used as outgroup. Mymarids have
long been considered to be the sister group of the rest of the
Chalcidoidea (Gibson et al., 1999), however recent phylogenetic
analysis failed to support monophyly of Chalcidoidea excluding

Mymaridae (Gibson et al., 1999). Nevertheless, in absence of a
strong phylogenetic hypothesis for Chalcidoidea, we used a mym-
arid as an outgroup since this family is still considered one of the
most basal groups of Chalcidoidea (Campbell et al., 2000). Voucher
fig-wasp specimens are deposited at INRA Orléans, INRA Montpel-
lier, the Natural History Museum, London and the Museum of
Comparative Zoology, Harvard University.

2.2. DNA sequencing

Phylogenetic relationships were estimated using sequence data
from two markers, portions of the mitochondrial cytochrome oxi-
dase I gene (COI) and the 28S nuclear large ribosomal subunit
(28S).

For some species, total genomic DNA was extracted from single
individuals using 50 ll of an extraction buffer containing 2% Chelex
100 Resin (Bio-Rad). For others we used aQIAamp� Tissue Kit (QIA-
GEN Inc.) and an extraction protocol modified as described in
Weiblen (2001). PCR and sequencing procedures for 28S and COI
using primers and protocols have been previously described in
Lopez-Vaamonde et al. (2001) and Weiblen (2001), respectively.

2.3. Sequence alignment and phylogeny estimation

COI sequences were very similar in length and easily aligned by
eye using the codon structure. On the other hand, 28S sequences
showed substantial unaligned length variation and were aligned
following two approaches:

Firstly, all 28S sequences were aligned with Clustal X using the
default setting (open gap penalty = 10, gap extend = 5, transition
weight = 0.5, delay divergent = 40). Misaligned fragments were
corrected by eye by the first author using MacClade version 4.02
(Maddison and Maddison, 2001). We will refer to this manual
alignment as ‘‘by eye” alignment.

Secondly, we used a manual alignment based on secondary
structure. Initial 28S alignments were made using Clustal and the
resulting files were then aligned manually in Microsoft Word using
the structural methods described in Kjer (1995), and Kjer et al.
(2007, 2009) and secondary structure models of 28S rRNA in Chal-
cidoid wasps, based on Gillespie et al. (2005). We will refer to this
manual alignment as ‘‘structural”. We excluded 368 bp across re-
gions of rDNA alignments where positional homology could not
be established using structural criteria, including regions of align-
ment ambiguity. Alignment ambiguous regions were defined as
single stranded length heterogeneous regions flanked by hydro-
gen-bonded stem regions that were also lacking in sequence motifs
that could be identified across taxa (Kjer et al., 2009). We used the
Shimodaira–Hasegawa (SH) test (Shimodaira and Hasegawa, 1999;
Goldman et al., 2000), implemented in PAUP*4.0b8a to compare
topologies derived from the two manual alignments. SH tests
showed that topologies derived from 28S ‘‘by eye” and structural
alignments were significantly different (P = 0.0001). We therefore
decided to use both alignments in further analyses (see dating
and biogeographical sections below). All DNA alignments are avail-
able from TreeBASE (http://treebase.org/treebase/).

We used Markov Chain Monte Carlo (MCMC) methods (Larget
and Simon, 1999) within a Bayesian framework to estimate the
posterior probabilities of the phylogenetic trees. Adopting a
Bayesian approach allowed us to account for phylogenetic uncer-
tainty, both with respect to topology and to branch lengths, in
our estimates of divergence times by conducting all subsequent
analyses on the posterior distribution of trees and parameter esti-
mates (Huelsenbeck et al., 2000; Pagel and Lutzoni, 2002). Analy-
ses were conducted using MrBayes 3.0B5 (Huelsenbeck et al.,
2001) on a two-gene combined data set including a total of 2137
nucleotide characters (824 characters from mitochondrial COI;
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1313 characters from nuclear 28S). Two sets of analyses were con-
ducted implementing alternative partitioning of the data. The first
set split the data into two partitions, corresponding to the two
gene regions. Among partition rate variability was modeled in
these analyses by setting the rate prior to variable (prset
ratepr = variable). The second set of analyses combined the two re-
gions into a single partition. MrModelTest 2.0 (Nylander, 2004), a
simplified version of Modeltest 3.5 (Posada and Buckley, 2004; Po-
sada and Crandall, 1998), was used to select the model of nucleo-
tide substitution for each partition. A general time reversible
model (GTR + U + I) allowing for rate heterogeneity across sites,
assuming a discrete gamma distribution for each partition, and
for a proportion of sites to be invariable, was selected for each par-
tition and analysis. The same model was selected using either the
Akaike information criterion (AIC) or the hierarchical likelihood ra-
tio test (hLRT) as implemented in MrModelTest 2.0.

In both sets of analyses, two independent runs were conducted,
each comprising four chains for 10,000,000 generations. Trees were
sampled every 1000th generation yielding a total of 10,000 trees
and parameter estimates in each of the two posterior distributions.
Convergence between the two independent analyses was evalu-
ated and confirmed. Posterior probability values reported (Fig. 1)
are from the unpartitioned set of analyses and were averaged over
the two independent analyses.

2.4. Estimating divergence times

Node ages for the fig wasps were estimated based on the com-
bined data set (28S ‘‘by eye” alignment + COI) using four alterna-
tive methods: (i) nonparametric rate smoothing (NPRS)
(Sanderson, 1997); (ii) penalized likelihood (PL) (Sanderson,
2002), as implemented in the computer program r8s ver. 1.70
(Sanderson, 2003); (iii) a model-based Bayesian implementation
of rate autocorrelation (Thorne et al., 1998) as implemented in
the program Multidivtime ver. 9/25/03 (Kishino et al., 2001;
Thorne and Kishino, 2002); (iv) a relaxed Bayesian molecular clock
with uncorrelated rates in BEAST v1.4.8 (Drummond and Rambaut,
2007). To address the effect of alignment uncertainty on our re-
sults, we used the 28S ‘‘structural” alignment in combination with
COI to calculate age estimates using BEAST. In addition, we ran dat-
ing analyses from partitioned Mrbayes runs and compared results
with those based on unpartitioned analyses. Age estimates be-
tween partitioned and unpartitioned data were very similar so,
for the purpose of comparing the methods, all analyses were based
on the results from the unpartitioned phylogenetic analyses using
the 28S ‘‘by eye” alignment combined with COI. This effectively
controlled for differences resulting from the fact that Multidivtime
can, whereas r8s cannot, deal with multiple partitions and their
associated branch lengths. Divergence times were estimated for
all nodes with at least 95% posterior probability. To account for
topological and branch length uncertainties, 100 trees and param-
eter estimates, filtered to include all nodes supported by 95%
Bayesian Posterior probability (pp) or more, were randomly drawn
from the posterior distribution and used as input into all subse-
quent analyses. All age distributions were tested for normality.
Some proved significantly non-normal (Kolmogorov-Smirnov test
in SPSS for Macintosh v 10.0). Therefore, for each supported node
the distribution of divergence times across the 100 trees, condi-
tional on the phylogenetic model (GTR + U + I) and the calibration
point, were obtained by local density estimation using the program
LOCFIT (Loader, 1999), implemented in the ‘‘R” statistical package
(Ihaka and Gentlemen, 1996), for a similar approach (see
Lopez-Vaamonde et al., (2006). To summarize the fitted distribu-
tions, we report their modes and 95% upper and lower Highest Pos-
terior Density (UHPD and LHPD) limits (Table 1). The mode
represents the most likely divergence time under the specified

model and calibration, and the HPD limits the confidence interval
for this estimate. In the r8s analysis (both PL and NPRS) our esti-
mated error bars result from the analyses of 100 trees, and the
LHPD–UHPD are the 90% HPD value. Notice that the posterior dis-
tribution of trees was filtered so that all nodes with 95 or higher
BPP were present in all 100 ‘‘random” trees. In the Multidivtime
analysis, we also use the 90% HPD values, but here the errors are
the mode of the variability across the 100 trees ± mode of SD across
the 100 trees. In the BEAST analysis, the error estimate results from
the posterior distribution (5000 trees), and the LHPD–UHPD are
here the 95% HPD value.

2.4.1. r8s analysis: NPRS and PL
In penalized likelihood analyses using r8s the relative contri-

bution of a parameter-rich model and a numerical penalty (intro-
duced to avoid extensive rate variation among nearby branches)
into the estimated rates and divergence times is regulated by a
smoothing parameter k. The NPRS method described by Sander-
son (1997) and the maximum likelihood clock model, outlined
by Langley and Fitch (1974) could be seen as logical extremes
on the scale of different smoothing values used in a penalized
likelihood analysis (Sanderson, 2002). At one extreme, when little
smoothing is enforced (k ? 0) the age estimates correspond to
those from an NPRS analysis. At the other extreme, when we en-
force considerable rate smoothing (k ?1), age estimates con-
verge towards those obtained by using a clock model
(Sanderson, 2002). In penalized likelihood analysis, the optimal
smoothing value for a particular tree and branch length is esti-
mated through a cross-validation procedure (Sanderson, 2002).
In our penalized likelihood analyses, we conducted such cross-
validation analyses on each of our 100 randomly drawn trees to
obtain optimal smoothing values for each tree. Using a fixed root
age of 1, a log10 transform of the optimal values ranged from
�2.5 to �0.5, and the individual optimal values were subse-
quently set for each tree and used in the analyses. In our NPRS
analyses, the log10 value of the smoothing parameter was arbi-
trarily set to �4 in all analyses. This low value yields results that
correspond to those from a standard NPRS analysis but at the
same time allows us to use the considerably faster TN algorithm
in the r8s program (Sanderson, 2003).

To prevent the r8s age estimation algorithm from converging on
local optima, each analysis was started at five different initial time
estimates (num_time_estimates = 5) and the local stability of solu-
tions was checked by perturbing and restarting the analysis five
times (num_restarts = 5). To obtain absolute age estimates for sup-
ported nodes, the resulting ultrameric trees were calibrated by fix-
ing the crown group Pegoscapus at 30 MYA based on information
from the fossil record (see below).

2.4.2. Multidivtime analysis
In the Bayesian approach for estimating divergence times, ex-

plicit models are used to introduce rate autocorrelation among clo-
sely related branches. Conceptually, rate autocorrelation is also
used in the approaches developed by Sanderson (2002, 2003) but
instead of being modeled, it is introduced as a numerical penalty
against rapid changes in rates between ancestral branches and
their descendants. In Sanderson’s approaches, the relative close-
ness of two taxa is strictly associated with their topological place-
ment on the tree (like in any other optimization technique), but in
the model-based approach, closeness will also depend on the
branch duration parameter (time since they shared a common
ancestor). This seems biologically reasonable in that sister taxa re-
cently diverged from their common ancestor are assumed to show
greater similarity (in evolutionary rates) than sister taxa that di-
verged a long time ago.
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Multidivtime analyses were conducted on the same 100 trees
drawn at random from the posterior distribution as our r8s analy-
ses. The prior distribution for the rate at the ingroup root node for
all analyses was a gamma distribution with a mean of 0.35 and a
standard deviation (SD) of 0.18 changes per site and unit time
(rtrate = 0.35; rtratesd = 0.18), where one time unit represents
100 million years. The mean value (0.35 changes per site and unit
time) was obtained by averaging the mean rates reported in the
100 r8s analyses. Technically, this is a violation of the definition
of a prior probability, but in order to keep the prior reasonably
unconstrained, a comparatively large SD value (0.18) was specified.
Additional priors specified were rttm = 1 (a priori expected number

of time units between tip and root); rttmsd = 1 (standard deviation
of prior for time between tip and root); brownmean = 1.0 (mean of
prior for brownian motion constant ‘‘nu”); brownsd = 1.0 (standard
deviation of prior for brownian motion constant ‘‘nu”).

Two series of analyses (both over all the 100 random trees)
were done, introducing variable amounts of fossil-based informa-
tion into the analyses (see Table 1): (i) the first series (multidiv1)
mirrors as closely as possible the r8s analyses by more or less fix-
ing crown group Pegoscapus (node 36, Fig. 1) at 30 MYA. (ii) The
second series (multidiv2) of analyses are perhaps more realistic
in that they, in a better way, account for the uncertainty concern-
ing the dating of Dominican amber (see below for details). Here,
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Fig. 1. Majority rule consensus of 100 randomly chosen trees reconstructed by Bayesian inference using the 28S ‘‘by eye” alignment + COI. Trees have been filtered to all
include the nodes supported by 95% pp or more. Therefore, the consensus tree includes the uncertainty below 95%, but all the nodes supported by 95% or more in the overall
analysis are present in 100% of the 100 random trees. Branch lengths are shown proportional to the amount of change along the branches assuming the GTR + G + I model of
evolution. Posterior probability values are listed above nodes. Fig host associations are shown on the right of the cladogram. Nodes are numbered from 1 to 47 and their stem
group age estimates are reported in Table 1.
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the crown group Pegoscapus was constrained at a minimum age of
15 MYA and a maximum age of 45 MYA, and the crown group Tet-
rapus (node 45, Fig. 1) was constrained at a minimum age of
30 MYA.

For each supported node the mean, standard deviation, and 95%
error limits of the estimated posterior distribution of divergence
times, conditioned on the phylogenetic model and prior parame-
ters, were obtained for all 100 random trees. Across the 100 ran-

dom trees the estimates of both mean and standard deviation
were not always normally distributed, so we report the mode for
each supported node (Table 1).

2.4.3. BEAST analysis
Divergence times were estimated with phylogeny using the

program BEAST, which does not assume that substitution rates
are autocorrelated across the tree and estimates branch lengths,

Table 1
Age estimates (MYA) using three methods: penalized likelihood and NPRS as implemented in r8s and Bayesian inference as implemented in Multidivtime. The latter is divided
into two analyses using different calibration points. Multidivtime 1: Pegoscapus (node 36) was fixed at an age of 30 MYA; Multidivtime 2: Pegoscapus was constrained at a
minimum age of 15 MYA and a maximum age of 45 MYA, and crown group Tetrapus (node 45) was constrained at a minimum age of 30 MYA; BEAST: Pegoscapus was fixed at an
age of 30 MYA. Nodes are numbered from 1 to 46 indicated on the cladogram (see Fig. 1). UHPD and LHPD are the upper and lower Highest Posterior Densities, respectively.

r8s (PL) r8s (NPRS) BEAST (by eye) BEAST
(structural)

Multidivtime 1 Multidivtime 2

Age (MYA) Age (MYA) Age (MYA) Age (MYA) Age (MYA) SD (MYA) Age (MYA) SD (MYA)

Node Clade Mode LHPD–
UHPD

Mode LHPD–
UHPD

Mode LHPD–
UHPD

Mode LHPD–
UHPD

Mode LHPD–
UHPD

Mode LHPD–
UHPD

Mode LHPD–
UHPD

Mode LHPD–
UHPD

1 Agaonidae 149 130–
216

98 84–130 146 83–209 143 91–192 113 105–
121

21 19–23 111 107–
115

29 27–31

2 128 108–
176

87 71–110 114 74–172 122 79–162 92 86–98 16 14–17 90 87–93 24 22–25

3 Wiebesia 95 79–134 78 60–105 66 45–138 78 75–90 14 13–16 77 75–86 21 19–24
4 76 64–111 69 53–89 49 31–112 104 63–140 69 66–81 13 12–15 69 67–77 19 18–22
5 25 18–34 22 16–33 28 7–37 34 13–66 22 21–27 7 6–8 22 21–25 8 7–9
6 44 31–59 42 31–58 29 10–61 76 23–106 44 42–51 10 9–12 44 42–49 13 12–15
7 113 94–160 84 62–99 100 63–151 97 63–136 77 71–83 14 12–15 75 72–79 20 19–22
8 Pollinators of Ficus

section Sycidium
87 60–106 49 37–66 72 45–113 48 39–105 51 44–55 10 9–11 49 45–53 14 13–16

9 17 11–27 9 6–16 26 7–36 28 11–47 14 7–15 5 2–5 14 7–14 5 3–6
10 38 29–56 22 17–32 30 14–56 20 8–44 25 23–28 6 6–7 25 23–27 8 7–9
11 53 34–70 29 21–40 34 18–60 18 15–51 30 27–32 7 6–8 30 28–31 9 9–10
12 Ceratosolen 104 84–145 71 54–86 93 57–135 85 52–122 66 61–72 12 11–13 65 62–68 18 16–19
13 100 79–137 66 49–81 83 52–125 80 46–114 61 57–67 12 10–12 60 58–63 17 15–18
14 85 70–125 52 41–69 75 39–105 70 35–92 53 49–58 11 9–11 52 50–55 15 14–16
15 78 59–111 43 33–61 45 32–90 – – 45 41–49 10 8–10 45 42–46 13 12–14
16 64 43–83 33 24–44 35 20–66 53 18–69 33 30–36 8 7–9 32 31–34 10 9–11
17 62 54–93 38 29–51 66 38–96 50 35–81 40 35–44 9 8–9 39 35–42 12 10–13
18 55 38–74 27 21–38 57 27–75 29 19–50 28 26–32 7 6–7 28 26–30 9 8–9
19 41 31–63 21 17–32 39 24–64 – – 23 21–27 6 5–6 23 22–25 8 7–8
20 43 28–53 17 14–24 33 18–53 – – 20 18–22 5 5–6 20 19–21 6 6–7
21 40 26–50 16 12–22 28 14–46 22 13–41 18 15–20 5 4–5 17 16–18 6 5–6
22 110 73–128 62 48–77 71 39–111 62 42–109 55 51–62 11 9–12 55 51–59 15 14–17
23 77 61–111 48 36–64 66 30–90 41 21–86 43 37–50 9 8–10 41 39–48 12 11–14
24 127 90–153 86 67–101 106 62–147 86 72–142 79 78–86 14 13–15 79 77–83 20 20–22
25 Blastophaga

(Valisia)
89 70–121 64 48–80 73 35–113 75 44–94 64 59–66 12 11–13 61 58–64 17 16–18

26 41 29–50 26 21–36 34 13–54 52 19–63 31 28–32 8 7–9 29 28–31 10 9–11
27 97 76–123 77 60–90 73 47–109 – – 69 68–75 12 10–12 69 66–73 18 17–20
28 72 58–94 64 48–79 66 33–87 – – 64 54–66 10 9–11 60 53–64 17 14–17
29 Pleistodontes 44 34–56 42 32–54 31 17–51 43 23–70 44 37–46 9 7–9 43 37–45 13 10–13
30 34 28–45 30 25–44 23 11–41 38 18–62 33 29–39 8 7–9 33 28–38 10 9–12
31 Platyscapa 25 18–31 25 18–32 31 5–35 26 9–44 24 21–26 7 5–7 24 20–25 8 7–9
32 76 63–97 59 52–81 58 38–85 – – 59 56–60 9 8–9 58 54–59 15 14–15
33 Pollinators of Ficus

section Galoglychia
75 58–90 54 48–74 48 31–74 – – 53 49–54 8 7–8 50 48–53 14 13–14

34 Courtella 58 43–70 49 39–64 29 21–63 27 20–54 44 41–47 7 7–8 44 40–46 12 11–13
35 Elisabethiella 52 39–67 46 39–62 36 20–56 43 40–44 7 6–7 41 39–43 11 11–12
36 25 19–38 31 21–45 20 7–35 18 9–41 27 25–28 6 5–6 26 25–28 8 8–9
37 Pegoscapus 30 – 30 – 30 – 30 – 30 – – – 28 27–30 7 7–8
38 Pollinators of Ficus

section Conosycea
71 55–84 58 46–71 51 31–74 – – 52 49–54 8 7–8 51 48–52 13 13–14

39 52 43–69 49 38–62 36 18–59 40 22–57 43 40–44 7 7–8 42 39–43 11 11–12
40 65 49–76 48 41–65 50 26–65 – – 46 43–47 7 7–8 45 42–46 12 11–13
41 43 32–51 40 29–48 22 15–45 – – 32 30–33 6 6–6 31 29–32 9 9–9
42 33 24–42 31 22–42 17 11–37 24 10–42 27 25–27 5 5–6 25 24–27 8 7–8
43 Dolichoris new

Caledonia
42 31–55 30 25–43 21 16–57 40 15–64 33 29–34 7 6–7 31 29–33 10 9–10

44 Dolichoris 80 64–103 58 47–72 51 30–85 58 46–95 54 49–56 10 9–10 52 49–55 15 13–15
45 33 26–48 23 18–31 30 10–47 37 14–51 22 19–23 5 5–6 21 19–22 7 6–7
46 Tetrapus pollinators

of Ficus
section
Pharmacosycea

38 29–49 30 23–45 22 12–47 29 15–57 47 43–49 13 12–15 48 46–48 15 13–15

47 28 21–39 25 17–36 21 8–36 25 12–47 36 35–38 12 11–13 38 37–39 13 12–13
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topologies, substitution model parameters and dates simulta-
neously. We ran two analyses using two different data sets: 28S
‘‘by eye” alignment + COI and 28S structural alignment + COI. For
each analysis, we used a constant-rate Yule (speciation process)
prior, and all other priors and operators were the default settings.
Four independent chains were run for 100,000,000 generations.
Trees and parameters were sampled every 1000th generation dur-
ing the last 10,000,000 generations yielding a total of 10,000 trees.
Mean parameter estimates and 95% highest posterior densities
(HPDs) were determined through analyzing the combined BEAST
tree files in TreeAnnotator 1.4.8 (Drummond and Rambaut, 2007).

2.4.4. Fossil record and calibration points
There are several fig-pollinating wasp fossils reported in the lit-

erature (Penalver et al., 2006; Poinar, 1993). Numerous agaonid fe-
male specimens have been discovered in Dominican amber and
they all belong to the Neotropical genera Tetrapus and Pegoscapus
(Penalver et al., 2006). There is one specimen from the Florissant,
Colorado, suggested to belong to the genus Tetrapus (Brues,
1910; Weiblen, 2002), but critical reappraisal of this specimen
(Fig. 2a) leads us to conclude that it is not an agaonid (Kjellberg
et al., 2005).

To convert the relative ages obtained through the r8s, Multidiv-
time and BEAST analyses into dates, we used fossil-based informa-
tion from seven specimens preserved in Dominican amber from
George Poinar’s collection. Based on the adult morphology, we
were able to compare these fossils to extant species and assign
them to extant genera, Pegoscapus (Fig. 2b) and Tetrapus (Fig. 2c
and d) and use them as calibration points in our dating analyses.

However, the dating of Dominican amber remains controversial,
with the youngest proposed age of 15–20 MYA based on Foraminif-
era (Iturralde-Vinent and MacPhee, 1996) and the oldest of 30–
45 MYA based on coccoliths (Schlee, 1990). We took into account
this uncertainty using several calibration points: (i) For the r8s
analysis, we used the mid value of this range (30 MYA) as a fixed
calibration point for the Pegoscapus crown group (node 36). (ii)
For the Multidivtime analysis, the fossil-based information was
used in two alternative analyses: For comparison, the first series
mirrors as closely as possible the r8s analyses by more or less fix-

ing the crown group Pegoscapus at 30 MYA through a minimum age
constraint at 29 MYA and a maximum age constraint at 31 MYA.
The second series of analyses accounts for the uncertainty of the
Dominican amber age by specifying less rigorous constraints. Here,
the Pegoscapus crown group (node 36) is constrained at a minimum
age of 15 MYA and a maximum age of 45 MYA, and Tetrapus crown
group (node 45) is constrained at a minimum age of 30 MYA. (iii)
For the BEAST analysis we fixed the crown group Pegoscapus at
30 MYA as in Multidivtime 1.

2.5. Reconstruction of ancestral area states

To infer ancestral areas where fig-pollinating wasps may have
originated, we applied both Bayesian and ML analyses on the com-
bined data sets (28S ‘‘by eye” alignment + COI and 28S structural
alignment + COI); for a similar approach see Pereira et al. (2007).

The Bayesian method was implemented in SIMMAP 1.0 Beta
2.0.8 Build 10042006 (Bollback, 2006) and biogeographic regions
were treated as discrete characters. We accounted for phylogenetic
and branch length uncertainties using the 100 trees and their
respective branch lengths included in the post-burn-in portion of
the Bayesian posterior distribution of trees. Without adding addi-
tional outgroups, the analyses cannot resolve how the first branch,
between Anaphes nitens (our outgroup) and ingroup, should be
split into its two components, and the rooting point could be
placed anywhere along this branch. To explore if alternative posi-
tions of the rooting point along this branch would affect the in-
ferred ancestral areas, we conducted two separate analyses. One
analysis had 10% of the length assigned to the part leading to Ana-
phes nitens and 90% to the part leading to the ingroup. The second
analysis partitioned the length in the opposite way, with 10% as-
signed to the part leading to the ingroup and 90% to the part lead-
ing to Anaphes nitens.

The ML approach is implemented in Mesquite 1.1 (build h61)
(Maddison and Maddison, 2007). We reconstructed ancestral area
states using a stochastic Markov model of evolution (Mk1 model)
and took into account phylogenetic uncertainty using all 100 ran-
dom posterior trees assuming branch lengths to be scaled to diver-
gence times, as estimated in the five different molecular-dating

Fig. 2. Fossils of Chalcidoidea wasps. (2a) Type of Tetrapus mayri (MCZ No. 2067 = No. 13,976 of the S.H. Scudder Collection) from the Florissant, Colorado, (Brues, 1910;
Weiblen, 2002) (photo by Herb Meyer). (2b) Fossils of the genus Pegoscapus, (Fig. 2b) and Tetrapus (Fig. 2c and d) from Dominican amber (photos by Laurent Soldati).
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approaches used (NPRS, PL, Multidivtime 1 and 2 and Beast) (see
Table 2).

For both Bayesian and ML analyses we categorized the current
distribution of fig-wasp genera as a multistate character based
on four biogeographical areas: (1) Neotropical (Southern and Cen-
tral America), (2) Afrotropical (Africa and Madagascar), (3)
Australasian (including Australia, New Caledonia, New Guinea
and islands east of Lydekker’s line and the Molluccas), (4) Asian
(Asia including 3 species which are also present in the Palearctic).
However, because several taxa (i.e., Ceratosolen (C.) appendiculatus)
occur in both Asian and Australasian regions, and both Bayesian
and ML methods require unique character states, we also defined
a fifth state: (5) Asian plus Australasian.

3. Results

3.1. Fig-pollinating wasp phylogenetics

Mitochondrial DNA provided 479 parsimony-informative char-
acters out of 824 aligned nucleotide positions (58%). Nuclear ribo-
somal DNA (nrDNA) provided 555 informative characters out of
1313 positions (42%) based on the ‘‘by eye” alignment. On the
other hand, based on the 28S structural alignment, 368 bp were ex-
cluded because positional homology could not be established using
structural criteria. Out of the remaining 1790 included characters,
774 were parsimony-informative (43.2%). Only 18 positions in the
aligned mtDNA were gaps compared to 544 for 28S ‘‘by eye” align-
ment and 408 for 28S structural alignment. GTR + I + G was the
best fitting model chosen by ModelTest for each gene separately
and in combination.

Results of the unpartitioned Bayesian analysis are presented as
a 50% majority rule consensus tree in Fig. 1. Results of the parti-
tioned Bayesian analysis (not shown) were completely congruent
with these results, and all groups supported by 95% pp or more
in the unpartitioned analyses (Fig. 1) were also supported by 95%
pp or more in the partitioned analyses and showed similar branch
lengths.

Comparing three separate nonparametric bootstrap analyses
(not shown), the 28S (‘‘by eye” alignment) resolved 38 clades,
28S (‘‘structural” alignment) resolved 31 clades, while COI resolved
only 18 clades with greater than 50% support. In addition, both 28S
trees were better supported along the backbone, while COI re-
solved lower-level relationships within genera such as Ceratosolen
and Kradibia. All clades in the COI bootstrap consensus were recov-
ered in the 28S bootstrap consensus, with two exceptions. These
included (1) the position of Ceratosolen medlerianus, that differed
among separate analyses but conflicting support was less than
60%, and (2) the relative positions of Liporrhopalum and Kradibia
which were in contradiction with 81% and 87% from COI and 28S
(‘‘by eye” alignment), respectively. This was the only moderately
supported conflict.

Our phylogenetic reconstructions of fig-pollinating wasps
showed high levels of phylogenetic conservatism (Fig. 1) as wasps

that pollinate figs of the same section tend to form monophyletic
groups. Thus, all wasps that pollinate figs of the Galoglychia section
form a clade. Similarly, wasp species that pollinate sections Phar-
macosycea, Conosycea, Sycidium, Malvanthera and Americana, each
form clades (Fig. 1). In contrast, a few genera, such as Blastophaga
and Dolichoris, were not monophyletic. This is supported by recent
morphological studies which suggest that these two genera are
heterogeneous and in need of taxonomic revision (Kjellberg et al.,
2005).

3.2. Molecular dating

Age estimates for nodes supported by 95% pp or more differ
widely between the different methods (Table 1 and Fig. 3). For in-
stance, the crown radiation of modern fig-pollinating wasp genera
(node 1) was estimated between 54 (95% confidence limit in Mul-
tidivtime 2) and 216 MYA (PL, UHPD value) depending on the
method used to estimate divergence times (Table 1).

The PL analyses consistently yielded the oldest age estimates
(Table 1 and Fig. 3), whereas NPRS and the two Multidivtime anal-
yses gave reasonably similar divergence times. The Multidivtime 2
analyses generally had larger standard deviations than Multidiv-
time 1 (Fig. 3), which is expected given that the calibration is less
fixed. Age estimates obtained with BEAST using the ‘‘by eye” align-
ment were very similar to those obtained with the structural align-
ment (Table 1 and Fig. 3).

The large differences between the PL and the NPRS analyses
indicated that the PL analysis was highly sensitive to the choice
of smoothing value. In our PL analyses, optimal smoothing values
ranges between 0.001 and 0.032 across the 100 trees (as obtained
from the cross-validation analyses) and in the NPRS analyses we
arbitrarily set the smoothing to 0.0001 across all trees. Although
these differences may seem small, they have a considerable effect
on the resulting age estimates (Table 1).

All methods showed large error intervals, in particular at basal
and intermediate nodes (Table 1 and, Figs. 3 and 4).

3.3. Reconstruction of ancestral area states

Fig-pollinating wasps occur mainly in tropical and subtropical
areas of the southern hemisphere. Their diversity varies across
zoogeographical regions with the Asian and Australasian regions
harboring the highest species richness. Our reconstructions of
ancestral areas suggest an Asian origin for the ancestors of extant
fig-pollinating wasps (Fig. 5). Indeed, the Markov-ML reconstruc-
tion of ancestral areas indicated that the most recent common
ancestor of all extant Agaonidae lived in Gondwana, and most
likely in Asia (Table 2). The ML proportions attributed to each bio-
geographic region clearly indicate that the Asian region is the most
likely ancestral area when using r8s, Multidivtime and BEAST
(structural alignment) generated chronograms (Table 2). However,
when using BEAST (‘‘by eye” alignment) generated chronograms,
both Asia and Australasia are equally likely ancestral areas. Bayes-

Table 2
The probability of each biogeographic region as the ancestral area of the Agaonidae (Fig. 1 node 1) as estimated from different dated phylogenies using the program Mesquite.
Maximum likelihood values were calculated over 100 random posterior trees with branch lengths equivalent to divergence times calculated using four different molecular-dating
approaches (see Table 1). Maximum likelihood values are expressed as either means ± SD or median (interquartile range) depending on whether the distribution differs
significantly from a normal distribution (Kolmogorov-Smirnov test).

Neotropical Asian Afrotropical Asian + Australasia Australasia

r8s (NPRS) 0.14 ± 0.02 0.54 ± 0.08 0.03 (0.00) 0.03 (0.00) 0.28 ± 0.09
r8s (PL) 0.14 ± 0.01 0.40 ± 0.06 0.04 (0.01) 0.04 (0.01) 0.39 ± 0.05
Multidiv1 0.15 ± 0.03 0.49 ± 0.08 0.03 (0.01) 0.03 (0.01) 0.29 ± 0.09
Multidiv2 0.16 ± 0.03 0.49 ± 0.08 0.03 (0.01) 0.03 (0.01) 0.29 ± 0.09
BEAST (by eye) 0.13 ± 0.02 0.38 ± 0.09 0.04 (0.01) 0.04 (0.01) 0.38 ± 0.08
BEAST (structural) 0.15 ± 0.02 0.40 ± 0.07 0.03 (0.01) 0.03 (0.01) 0.38 ± 0.06
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ian reconstruction of ancestral areas (using both by eye and struc-
tural alignments) also favored a Gondwanan and most likely Asian
origin (posterior probability using by eye and structural align-
ments = 0.5224; 0.6112, respectively) followed by the Neotropics
(0.3123; 0.3265) and Australasia (0.1546; 0.1189) as the only other
regions to receive non-zero likelihoods.

By counting the number of shifts in the estimates of ancestral
areas (Fig. 5), it appears that from Asia, at least two lineages
reached Africa (i.e., pollinators of figs in the section Galoglychia
and Platyscapa soraria), three reached Australasia (i.e., pollinators
of figs in the sections Malvanthera, Rhizocladus, Oreosycea), two lin-
eages independently reached the American continent (pollinators
of figs in the sections Pharmacosycea and Americana) and one line-
age (Courtella bekiliensis) dispersed from Africa to Madagascar
(Fig. 5).

4. Discussion

4.1. Classification and phylogenetic conservatism of host association

Our results confirm that Agaonidae (sensu Rasplus et al., 1998)
is monophyletic (Gibson et al., 1999) but do not support the mono-
phyly of Wiebes’ (1982) subfamilies (Agaoninae and Blastophagi-
nae) based on the basis of the shape of the mandibular
appendage, which suggests that this is not a good morphological
synapomorphy and probably subject to convergent evolution.

Previous phylogenetic studies have not fully resolved relation-
ships among genera of Agaonidae because of limited sampling of
taxa and characters (all based on COI sequence data) and the lim-
ited phylogenetic informativeness of mitochondrial DNA regarding
ancient events (Townsend et al., 2008). Our combined nuclear and
mitochondrial DNA dataset of 64 species from 15 of the 20 genera
recovered a relatively well-supported at the genus level. However,
the interrelationships among major clades within Agaonidae re-
main unresolved. This lack of resolution of deep nodes may be re-
solved with further genes and taxa.

In contrast to previous studies (Machado et al., 2001; Jiang
et al., 2006), the genus Ceratosolen is monophyletic (Weiblen,
2001) and shows a strongly supported sister relationship with
the genera Liporrhopalum and Kradibia. The genus Blastophaga
(pollinators of the subgenus Ficus) is polyphyletic but species of
the subgenus Valisia form a well-supported monophyletic clade.
Interestingly, Blastophaga psenes falls within a clade formed by
Dolichoris species (pollinators of Oreosycea figs) making the latter
paraphyletic and suggesting the need for future taxonomic revision
of this species. In addition, Pleistodontes froggatti comes out as the
most basal species within this genus, which agrees with the place-
ment of its host plant, Ficus macrophylla, in a recent phylogenetic
study of Malvanthera figs (Rønsted et al., 2008).

Our phylogenetic analyses show a high level of phylogenetic
conservatism with pollinators of several fig sections (Pharmacosy-
cea, Galoglychia, Conosycea, Americana, Malvanthera) being mono-
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Fig. 3. Comparison of divergence date estimates across six dating analyses: mean and 95% confidence intervals for a selection of five nodes. Node numbers are the same used
in Fig. 1.
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phyletic. This confirms the findings of previous studies (Machado
et al., 2001; Rønsted et al., 2005).

4.2. How old are fig-pollinating wasps?

Rønsted et al. (2005) used a double dating (independent dating
of two associated lineages) approach and considered fig wasps
(Agaonidae) to have co-diverged with their associated hosts (Ficus)
during the last 60 million years. However, it is clear that if we ac-
count for the uncertainties in molecular age estimates (Table 1), we
cannot exclude alternative scenarios. In fact, unless we consider
one or more of our analyses to yield unreasonable and incorrect
age estimates, the crown group of Agaonidae (node 1) could have
originated anytime between 54 and 216 MYA. This wide error mar-
gin partly originates from differences between methods. However,
even if we only consider the Multidivtime 2 analyses, the origin of
Agaonidae still ranges from 54 to 168 MYA. Errors associated with
uncertainties in how rates have changed, in branch length esti-

mates, in topology, and in the calibration point are best accounted
for in both the BEAST and the Multidivtime 2 analysis. Unless we
can eliminate or reduce these uncertainties, we are faced with very
wide error margins. How could we obtain more precise age esti-
mates? One way would be to incorporate additional information
from the fossil record. Enforcing further age constraints while run-
ning the analyses would likely result in narrower error margins,
but this requires that such information is available. Alternatively,
we could make stronger prior assumptions about rates and how
they are allowed to change across the tree (Welch et al., 2005).
Although the error margins could be reduced by such an approach,
we would have to justify such changes in our prior assumptions in
some way.

Comparing the alternative methods reveals some notable pat-
terns. One involves the error margins in the Multidivtime analyses
and how they are distributed. We have two different error mar-
gins: one stemming from our 100 trees (i.e., the effect of topolog-
ical and branch length uncertainties), and a second reported by

Fig. 4. Chronogram obtained for pollinating fig wasps under a Bayesian non autocorrelated rates relaxed clock model using BEAST and applied to the combined data (28S ‘‘by
eye” alignment + COI) and calibrated with Pegoscapus (30 MYA). Age estimates with their 95% credibility intervals shown on nodes. Green, Africa (including Madagascar); red,
central and south America; blue, Asia; black, Australia/New Guinea/Polinesia; orange, Asia and Australasia.
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Multidivtime for each point estimate. It is clear that errors for the
point estimates are always larger than those associated with the
100 different trees. We conclude that topological and branch
length uncertainties are of minor importance compared to uncer-
tainty arising from the relaxed clock as implemented in
Multidivtime.

Also interesting are the considerable differences between the PL
and the NPRS analyses. As previously explained, the NPRS method
on the one hand, and a maximum likelihood clock model on the
other, can be seen as logical extremes on the scale of different
smoothing values in a PL analysis (Sanderson, 2002). Moving from
NPRS (k ? 0 and where considerable rate changes are allowed) to-
wards a clock model (k ?1 and where rates are not allowed to

change) we introduce an increasing amount of resistance towards
rate changes. In our case, using a calibration point (Pegoscapus,
node 36) that is nested well inside Agaonidae, this introduced
resistance has the effect of pushing our root node back in time. A
cross-validation approach was suggested by Sanderson (2002) to
evaluate how much resistance we should impose in each analysis.
However, if the estimate obtained is an average across the entire
tree, we might get large errors in parts of the tree where there have
been significant changes in rates.

Finally, it has recently been shown that phylogenetic uncer-
tainty in calibration fossils can greatly increase confidence inter-
vals of inferred divergence (Lee et al., 2009). However,
uncertainty in the phylogenetic position of our calibration points
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Oreosycea 

Waterstoniella brevigena
Waterstoniella sp 2

Eupristina verticillata
Eupristina sp nov ex F dubia
Pegoscapus gemellus
Pegoscapus lopesi
Alfonsiella longiscapa
Alfonsiella near binghami
Elisabethiella baijnathi
Agaon taiense
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Courtella bekiliensis
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Dolichoris sp
Blastophaga psenes
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Dolichoris umbilicata
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Kradibia sp F. phaeosyce

Waterstoniella brevigena
Waterstoniella sp 2
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Dolichoris umbilicata
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Pleistodontes imperialis
Pleistodontes rigisamos
Pleistodontes plebejus
Pleistodontes rieki
Pleistodontes froggatti
Platyscapa corneri
Platyscapa soraria
Blastophaga intermedia
Blastophaga malayana
Blastophaga sp
Ceratosolen dentifer
Ceratosolen hooglandi
Ceratosolen notus
Ceratosolen vechti
Ceratosolen constrictus
Ceratosolen bisulcatus
Ceratosolen solmsi
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Wiebesia punctatae (1)
Wiebesia punctatae (2)
Blastophaga nipponica
Tetrapus costaricanus
Tetrapus ecuadoranus
Tetrapus sp
Anaphes nitens

Waterstoniella sp 1
Waterstoniella sp 3

Kradibia jacobsi
Kradibia sp F. phaeosyce

Neotropical

Asian

Afrotropical

Asian+ Australasia

Australasia

Fig. 5. One of the 100 cladograms obtained with Multidivtime of fig-pollinating wasp diversification and reconstruction of ancestral areas. Present biogeographic distribution
is indicated as colored circles at the tips, and the proportion of the total likelihood received by each biogeographic region as the ancestral area of a given clade (calculated with
Mesquite) is represented by pie charts at internal nodes.
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does not explain the wide error margins of our study since neither
Pegoscapus nor Tetrapus show large phylogenetic uncertainty
across the 100 sampled trees.

4.3. Where did fig-pollinating wasps originate?

Ancestral area analyses favor an Asian origin for fig wasps, in
sharp contrast to previous studies which have suggested a South
American origin for the mutualism, on the basis that the basalmost
lineages of extant figs (Pharmacosycea) and associated extant fig
wasps (Tetrapus) occur only in South America. Our phylogeny also
shows that Tetrapus is not only sister to all other fig wasps, but also
the earliest diverging lineage, so the difference in inferred area of
origin (Asian instead of Neotropical) might be due to the use of dif-
ferent analytical methodology and/or taxa sampling. However, it is
important to emphasize that ancestral character state reconstruc-
tion is subject to several sources of error (Lopez-Vaamonde et al.,
2003). Firstly, it has been shown that a combination of rapid evo-
lution and unequal probabilities of gains and losses can lead to er-
rors in ancestral state reconstruction (Cunningham et al., 1998).
Secondly, the density of taxon sampling is important for an accu-
rate reconstruction of ancestral character states. Although we in-
cluded 64 Agaonidae species covering most genera in this study,
they comprise only about 6% of the estimated species total in this
huge family. A third source of error is unresolved topology,
although this problem is not expected to affect greatly our results
since our analyses (both Bayesian and ML) take phylogenetic
uncertainty into account. Fourthly, most reconstruction methods
are predisposed to yield ancestral areas corresponding to the most
common area, in this case, Asia (Ree and Smith, 2008). In addition,
although our analyses favor an Asian origin, we did not include
Antarctica as a character state, since no agaonids presently occur
on this continent. Therefore, we cannot exclude the possibility that
Antarctica was the ancestral area for all agaonids. This possibility
arises from recent paleogeographic reconstructions showing that
South America, Antarctica, Australia and India–Madagascar re-
mained linked for most of the Late Cretaceous until at least
80 MYA (Hay et al., 1999), a time that is consistent with the esti-
mated range for the time of origin of Agaonidae. On the other hand,
Antarctica had a temperate climate during this period and there-
fore unlikely to support lineages adapted to humid tropical condi-
tions (Zerega et al., 2005).

Our phylogenetic analysis confirms previous studies showing
that the Neotropical fig-wasp genus Tetrapus is consistently placed
as sister group to the rest of pollinating fig wasps (Machado et al.,
2001; Rønsted et al., 2005). These studies suggested that the origin
of agaonids could be in West Gondwana, but our ancestral area
reconstruction shows that an eastern Gondwana origin is most
likely.

The relatively young age of both the earliest diverging lineage of
fig wasps, Tetrapus, (maximum 49 MYA, Table 1) and their associ-
ated figs (section Pharmacosycea) (about 60 MYA, Rønsted et al.,
2005) postdates the separation of South America from Africa
(about 90–100 MYA, Smith et al., 1994) during the break-up of
Gondwana. If our age estimates and ancestral area reconstructions
are correct, it would imply that the current presence of Tetrapus
and its associated Pharmacosycea figs in South America could be
the result of a long distance oceanic dispersal event (Rønsted
et al., 2005) from Asia to the Neotropics. Alternatively, high levels
of stem lineage extinction could explain the observed young age
for extant species of this lineage of Neotropical figs and fig wasps.
In addition, it is important to bear in mind that we are using se-
quence data from just three Tetrapus species. Sequencing of more
Tetrapus species is needed to confirm both the young age of this
genus and its sister relationship with the rest of agaonids.

5. Conclusions

Our age estimates range widely, depending on which molecu-
lar-dating approach is used. This makes it difficult to assess with
any certainty the Cretaceous/Gondwanan origin of agaonids. How-
ever, our reconstruction of ancestral areas identifies the Asian re-
gion as the most likely area of origin of agaonids, although a
southern Gondwana origin cannot be rejected. Our analyses clearly
suggest a pervasive pattern of dispersal.
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